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ABSTRACT

PHOTOMETRIC STUDIES OF CYGNUS X-l FROM 322 - 473 keV WITH THE
SOLAR MAXIMUM MISSION
by
Benjamin Vaughn Augustine Hersh
University of New Hampshire, May, 1996
We present results from three years of observations from Cygnus X-l and the
Crab Nebula using the Gamma Ray Spectrometer onboard the Solar Maximum Mission
satellite. We show that using a neural network based background model, it is possible to
predict the terrestrial component of the gamma-ray background to a <1% level. We also
show that the flux from the Crab is steady over a three year period at level of
0.024±0.002 y cm'2s'1MeV1. Similarly, the flux from Cygnus X -l was consistent with
the flux measured in 1979 with HEAO-3 and in 1991 with BATSE. We measured a flux
of 0.01310.003 y cm'2 s'1MeV*1. We discuss the electron lifetimes within the Crab Nebula
and limits on temperature variations from the Cygnus X -l accretion disk

Dissertation Advisor: Dr. James M. Ryan
Associate Professor of Physics

X II
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CHAPTER 1

INTRODUCTION

Gamma-Rav Astronomy and Black Holes
Gamma-Rav Astronomy

Gamma-ray astronomy is a sub-field of astronomy that uses high-energy photons
to observe the universe. These photons are produced in some of the highest temperature,
most energetic regions of our universe. Some examples of these regions are solar flares,
pulsars, x-ray binaries (high and low mass), supemovae and supernova remnants, star
formation regions, molecular clouds, and active galactic nuclei. These photons are
produced via a variety of interactions between atomic and nuclear particles and other
particles and/or fields. These processes are bremsstrahlung (e.g., electrons in solar
flares), Compton scattering between high energy electrons and photons (e.g., corona of
x-ray binary accretion disks), inverse Compton scattering between high energy electrons
and low energy photons (e.g., inner regions of AGN’s), and synchrotron radiation of
electrons in strong magnetic fields (e.g., pulsars), nuclear decay of isotopes (e.g., prompt
deexcitation of I2C in solar flares, and ssCo in Type I supernova), and decay of nuclear
particles (e.g., it0produced in solar flares).
Black Holes in High Mass X-rav Binaries

One particular type of source that is a focus for this study is black holes in binary
star systems. These systems are a sub-class of the High Mass X-ray Binaries (HMXRB)

1
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and radiate high energy photons from their hot accretion disk. The accretion disk is
formed when material flows from the optical companion onto the compact object. In
these systems the compact object always has a mass that is in excess of the theoretical
mass limit for neutron stars (3 solar masses).
The rate of flow of material from the companion star to the compact object is of
prime importance to the flux of high energy photons emitted from the accretion disk.
There are two methods of accreting material onto the black hole. One method is the
capture of material from the stellar wind (the flow of material from the star—similar to
our sun’s solar wind). As the black hole moves relative to the wind, a shock front would
form, causing some of the particles to lose energy and become gravitationally bound to
the black hole. This material would then accrete (fall into) the black hole. This material
would roughly form a spherical cloud around the black hole (Shapiro and Teukolsky,
1983).
The other mechanism for accreting material onto a black hole depends on whether
or not the companion star fills it's Roche Lobe. As seen from a coordinate system
corotating with the binary system, the Roche Lobe is the first gravitational equipotential
surface that encompasses both objects (Shapiro and Teukolsky, 1983, Longair, 1994). If
the optical companion fills it’s side of the Roche Lobe (see Figure 1.1), then material can
overflow and becomes captured by the compact object. Due to angular momentum and
viscous forces, this material will form an accretion disk around the compact object.
Figure 1.1 depicts an x-ray binary system where the optical star fills it’s Roche Lobe. It
is this mechanism that is postulated to be the primary source of accretion in the Cygnus
X-l system..
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Gamma-Rav Emission
The primary mechanism for producing x- and gamma-rays from accretion disk
systems is inverse Compton scattering. Low energy photons (low compared to electron
energies) scatter off of the high energy electrons. Different models of accretion disk
emission propose different locations for high energy electron populations. One model
(Shapiro, Lightman, and Eardly, 1976) has two temperature regions to the disk. The
model has a outer region that is optically thick and radiates thermally and an inner region
to the disk that is hotter and optically thinner. Photons produced inside the hot region
undergo inverse Compton scattering on the hot electrons and escape as high energy xand gamma-rays (Ling, Mahoney, 1987, McConnell et al., 1989).
Another model for hot electron population is a disk corona model (Haardt and
Maraschi, 1993). In this model, the disk remains optically thick and only radiates
thermally. Surrounding the disk is a corona of hot electrons. The thermal photons from
the disk get inverse Compton scattered in the corona. A portion of these scattered
photons are reprocessed in the disk. This raises the temperature of the disk slightly. The
disk then remits a slightly hotter thermal spectrum which then undergoes inverse
Compton scattering in the corona. Evidence for this reprocessing has been observed
(Haardt and Maraschi, 1994).
Cvsnus X-l
Overview
Cygnus X-l was first observed in X-rays in the early 1960’s (Giaceoni et al.
1967). It’s optical counterpart was confirmed in 1971 as the 09.7Iab (Walbom, 1973)
star HD 226868 (Webster and Murdin, 1972). Measurement of the Doppler shift of the
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disk

mm.
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Figure 1.1 Schematic of Accreting Binary System
A binary system where the normal star fills it’s Roche Lobe and material overflows into
the compact object's accretion disk (Shapiro and Teukolsky, 1983)
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optical star’s emission lines showed a periodicity of 5.6 days. This coupled with an
assumed mass of 10 solar masses for the optical companion and lower limit on the
inclination of the system to our line of sight yields a mass estimate of >10 solar masses
for compact object in the Cygnus X-l system (Herrero, 1995). This mass is far in excess
of the theoretical mass limit for Neutron stars and indicates that the compact object is a
black hole.
For the Cygnus X-l system, this Roche lobe distance is on the order of 10 solar
radii (Herrero et al., 1995) from the optical companion. If the optical companion was an
isolated star, its radius would be on the order of 17 solar radii. Since the star can not
overflow it’s Roche Lobe, it’s size indicates that it does fill it’s Roche Lobe with some of
the excess material flowing onto the black hole. This corresponds well with the fact that
the Cygnus X-l emission has not been seen to disappear. In X-ray binary systems like
A0600-20, the X-ray emission is a transient feature that is attributable to the fact that the
companion star does not fill it’s Roche Lobe at all times.
Variability
The X- and gamma-ray emission (Lochner et al., 1989, Ling et al., 1987,
Kouveliotou, 1994) from Cygnus X-l shows variability on a large variety of time scales
ranging from milliseconds (Meekins et al., 1984) to 100’s of days (Priedhorsky et al.,
1983). This variability exhibits random, quasi-periodic, and periodic components.
Random
Random variations occur on time scales ranging from millisecond to weeks. The
millisecond variations are attributed to a variety of short duration events: turbulence in
the disk (Lochner et al., 1989), phase lags in the corona (Miller, 1995), emission from
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rapidly rotation magnetic arcs (Chagelishvili et al. 1988), and emission from the inner
orbits of the accretion disk (Meekins et al. 1984).
In the >50 keV energy range, there are variations in the Cygnus X-l intensity that
occur on the order of days. Ling (1987) report strong spectral variations in the 50 - 1000
keV emissions using HEAO-3 data taken in 1979. He divided the time varying emission
into three states (yl, y2, and y3) with yl having the lowest <300 keV emission (and has
the hardest spectrum). Figure 1.2 shows the yl, y2, and y3 spectra from the HEAO-3
observations. The Sunyaev and Titarchuk (1980) Comptonization model was used to fit
these three spectra. The best fits for the yl spectra were achieved using a 2 temperature
model (a 67 keV and a 395 keV comptonization region with optical depths of 1.8 and
5.24 respectively) or a single temperature (73 keV with 1.67 optical depth) and a 1000
keV gaussian bump. This bump feature has been searched for in subsequent observations.
With the exception of a hard gamma-ray component seen by the DGT balloon instrument
(McConnell 1989), this feature has not been detected since even though similar <1000
keV fluxes have been observed (Grabelsky et a l, 1993). This raises doubt as to whether
this feature was real or is somehow decoupled from the comptonized spectra.
BATSE has seen changes of 60% occur over a 5 day period in the <600 keV
emission (Ling et al., 1993) during data taken from 1991. However, changes below 230
keV were uncorrelated to those that occurred above. In data taken from April to August
1993, a longer term change is seen (Kouveliotou 1994). A factor of 2 decrease in the 45 140 keV flux was seen to occur over 15 days and then recover over the course of 60
days. Also, day scale variations of 50% or greater are seen in the 30 - 1800 keV flux
detected by BATSE (Kouveliotou 1994).
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Figure 1.2 Gamma-ray spectra from HEAO-3
The three gamma ray spectra from HEAO-3 observations in 1979 (Ling et al, 1987). The
yl spectrum was accumulated during 27 Sept. -1 0 Oct. 1979, the y2 spectrum (b) from
27 Oct. - 8 Dec. 1979 and 4 March —16 May 1980, and the y3 spectrum (c) from 9 Dec.
-1 3 Dec. 1979.
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Ouasi-Periodic Oscillations

The quasi-periodic oscillations (QPO) are a relatively new observation from Xray binary systems. The first report of QPO was in 1975 by Frontera and Fuligni. QPOs
have recently been reported in the Cygnus X-l data from BATSE (Kouveliotou et al.,
1993, Kouveliotou, 1994) These QPO’s were strongly evident below 300 keV and
disappeared above this energy. The were observed to be strongly peaked at 3.2xl0‘2Hz.
QPOs are interpreted as emissions from the inner regions of the disk (Lyne et al., 1990).
Periodic

Two periodic variations have been seen in the Cygnus X-l emission. One has a
5.6 day period and the other has a 294 day period. The 5.6 day period is the orbital
period of the binary system. This periodicity is seen optically but not in x- or gammarays. The 294 day periodicity was reported in 2-6 keV data from the Vela 5b and Ariel 5
satellites (Priedhorsky et al., 1983). This periodicity has not been seen in higher energies
and is attributed to the precession of the accretion disk.
The Solar Maximum Mission Data

As we will detail in the next chapter, the SMM satellite is in a good position to
contribute to our knowledge of the range of behavior of the Cygnus X -l system during
the 1980’s. The data from this satellite mission cover the 1980’s when there were no
other space-based gamma-ray telescopes in operation. Our study will examine data from
1984 to 1986 in the energy range of 322-473 keV. But because of the peculiarities of the
instrument, we are limited to a 3 month period in each year when Cygnus X-l is capable
of producing a detectable signal. We will be looking for variations on the order of days
to months.
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Crab Nebula
Overview

In 1054 an unseen star in direction of the constellation of Taurus went supernova.
This event, which produced a point of light bright enough to be seen during daylight
hours, was observed and recorded by cultures around the world ranging from Chinese to
Australian Aborigine. The star that went supernova created a supernova remnant that we
call the Crab Nebula. The object that powers the electromagnetic emission is a rotating,
magnetized neutron star, or pulsar. The first X-ray observations of the pulsar were made
soon after the discovery of the optical pulses (Cocke et al, 1969), by two sets of sounding
rocket experiments (Boldt et al., 1969, Fritz et al., 1969). Both experiments showed the
33 millisecond pulsation extends up to 20 keV. The total power radiated in the energy
range was 100 times that in visible light (Smith, 1977). In fact, the pulsation has been
observed up to several 100 MeV. Gupta et al. (1991) have reported evidence for pulsed
photons up to PeV (10,5eV)
The pulse profile, see Figure 1.3, has two main peaks, whose relative amplitudes
change with energy, separated by an interpulse region. According outer gap model, the
high energy pulses come from electrons and positrons created in the outer regions of the
magnetosphere. In these regions, gamma-rays from the inner regions produce electronpositron pairs. These particles get accelerated along the field lines and radiate gammarays either by curvature radiation (radiation due to the curvature of the magnetic field),
synchrotron radiation, or inverse Compton scattering (Lyne et al., 1990). As the particles
get closer to the magnetic poles they radiate higher energy photons, these in turn will
produce more electron-positron pairs. This emission area exists within the corotating
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portion of the magnetosphere. This corotating region is limited by the light cylinder. This
radius of this ‘cylinder’ is defined as being the distance away from the rotation axis at
which the rotational velocity reaches the speed of light. After this distance, the magnetic
field can no longer corotate. Some of these pair created electrons escape along field lines
that extend past the light cylinder.
It is these escaping electrons that are the source of the emission from the nebula
itself. Unlike near the pulsar where the magnetic field can have a strength of 10s to 1012
gauss, the magnetic field inside the nebula is radially dependent with a minimum of
8xl0'5gauss and a maximum of 3x10"* gauss (de Jager and Harding, 1992). The primary
radiation mechanism for producing the continuum radiation is synchrotron radiation of
the high energy electrons on this weak magnetic field (Harding and de Jager, 1991). This
synchrotron radiation takes the form an unpulsed continuum.
The combined unpulsed radiation from the nebula and the integrated pulsed
emission from the pulsar has been measured by many independent instruments ( Graser
and Schoenfelder, 1982 and Jung, 1989 see references therein). This emission is
characterized by a power law emission that extends up to TeV energies (De Jager and
Harding, 1992). Jung (1989) shows that the emission has two power law components, a
power law of 2.08 below 100 keV and 2.5 above 100 keV. The composite spectrum from
Graser et al. (1982) shows a power over all energies of 2.3, as shown in Figure 1.4. The
fact that one can combine observations from different spacecraft spanning decades of
time, indicates that the Crab Nebula emission is steady in intensity and shape.
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It is the constant intensity and power law shape that we will use to calibrate our
analysis method. In addition, we will compile a long baseline observation of the Crab
from a single spacecraft over a single energy band.

Optical

X-ray

Hard X-ray

High-energy
gam m a-ray

0.2

0.4

0.6

0.8

Phase

Figure 1.3 Schematic of Crab Pulse Profiles
Schematics of the pulse profiles from the Crab Pulsar at various energy regimes (Lyne et
al„ 1990).
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This dissertation is laid out in five sections. We will discuss the instrument and
why we are able to use it to make repeated observations of galactic gamma-ray sources.
We will then discuss our background modeling method, which is central to being able to
extract the weak signals from these sources. Following this, we will discuss our analysis
methods and present a null case test for the procedures. Then we will present our results,
followed by a discussion of the observations and then present some conclusions.
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The composite unpulsed Crab Nebula and Pulsar spectrum from 1 keV to 10 GeV
(Graserand Schonfelder, 1980).
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CHAPTER 2

INSTRUMENT DESCRIPTION

Solar Maximum Mission/Gamma Rav Spectrometer

The Solar Maximum Mission (SMM) satellite began its 10-year observation of
both solar and cosmic gamma ray sources in February 1980. The SMM satellite had an
initial orbital altitude of approximately 560 km. It reentered the earth’s atmosphere in
December of 1989. During this time the instruments on board measured the sun's
transient and steady-state emissions during two solar maximum periods. Among the
instruments on the spacecraft was the Gamma Ray Spectrometer (GRS).
This instrument, designed by University of New Hampshire, measured gammaray emission in the energy range 14 keV — 100 MeV. In addition to making solar
measurements GRS observed a wide selection of cosmic gamma-ray sources. We made
these observations as the sources moved through the instrument's field-of-view (FOV).
In this chapter, I will discuss the important features of the instrument and
spacecraft pertaining to observing cosmic gamma-ray sources. These include the orbital
operation of the spacecraft, physical aspects of the detectors, and the off-axis response of
the instrument. A more detailed instrument description is available (Ryan et al., 1979,
Forrest et al., 1980)

13
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Physical Description
Detector Modules

The three independent detector subsystems: the X-ray detectors, the Main
Spectrometer, and the High Energy Monitor (HEM) comprise the GRS instrument. These
three systems operated in non-overlapping energy regimes with different time
resolutions. Table 2.1 shows the physical and timing parameters for each detector system.
Figure 2.1 shows a schematic drawing of the detector systems

No I
Spectrometer

C sl Back

No I
Spectrometer

Co60(3

Front
Plastic

C sl
Annulus

Back
Plastic

Figure 2.1 GRS Schematic Drawing
X-Rav Detectors
The X-ray detectors were a set of two independent Nal(Tl) scintillators, each
viewed by it’s own Photomultiplier tube and each with it’s own 4 channel PHA. The first
system, XI, operated in the energy range 14 keV to 114 keV. The second system, X2,
covered the energy range 14 keV to 199 keV. The X2 detector was identical to XI except
for an extra 0.084 g/cm^ Fe foil in front of the NaI(Tl) crystal that served to attenuate
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<30 keV photons and limit pulse pile-up effects. In addition to the Fe foil, both detectors
had two sets of aluminum foils (0.0127 cm thick each) to suppress photons <10 keV,
from the solar thermal emissions. One of these Al foils was placed in front of the NaI(Tl)
crystal. The other was placed over the opening in the forward-facing sun shield and
secured by a thick Al plate. This plate restricted the FOV of the two detectors to
approximately 5° (in ecliptic longitude) x 15° (in ecliptic latitude), in turn restricting
coverage to only those cosmic sources that lie near the ecliptic.
The two X-ray detectors shared a common high voltage supply. Each detector,
however, had its own PMT- pre-amp- PHA signal path. During the in-flight calibration
(IFC) mode, they operated in coincidence with a 24lAm source.
The hardware fixed the energy range of the two detectors. The energies of the
lowest channel boundary (Eg (XI) and Eg (X2» were 14.0 keV. The energy resolutions
of the two detectors were both measured to be ^ExkeV.
The in-flight gain and resolution was monitored with the IFC 241 Am source.
Figure 2.2 shows three of these spectra from 1980, 1982, and 1984. There is no
significant difference among these three spectra. The calibration spectrum is very
sensitive to changes in the lower threshold. Even a change of 1 keV in either direction
introduces a 10% change in the count rates. The relative agreement in the spectra shows
that both the gain and resolution of the two X-ray detectors were stable.
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Figure 2.2 X-ray IFC Spectra in 1980, 82, and 84
In flight calibration spectra from the on-board141Am source from both the X I and X2
detector systems.

Using knowledge of the Nal crystal size and the intervening material between the
Nal and the photon source we can determine the energy response of the X-ray detectors.
We are interested in two properties of the X-ray detectors: the effective area as a function
of photon energy and the energy loss spectrum inside the Nal crystal. The effective area
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multiplied by the incident flux yields the expected count rate per keV. The energy loss
spectrum enables us to convert count spectra to flux spectra.
Figure 2.3 shows the mass attenuation coefficient (cm/g:) for photoelectric,
Compton scattering, and pair production in Nal and Al.. Below 200 keV (the energy
range for the X-ray detectors) the dominant mechanism is photoelectric absorption. The
incident photon energy is entirely transferred to one of the electrons in the crystal. This is
generally one of the K-shell electrons in Iodine. When another electron falls back into the
K-shell vacancy of an Iodine atom die consequent fluorescence photon can escape the
crystal. This results in an incomplete energy collection in the scintillator. The energy of
the Iodine K-edge is 29 keV.
To calculate the effective area of the X-ray detectors we must know the efficiency
of absorbing photons in the Nal crystal, and is given by
£ = A(—^ >~ / °-) .

*o

(2.1)

where Iq is the incident flux, 1(E) is the flux exiting the Nal crystal, and A is the surface
area. (Evans, 1955).
The intensity of photons after transversing some thickness (1) of some material
with density (p) is determined by the cross section of a scattering or absorption process
(ac). A linear scattering (or absorption) coefficient (X) can be calculated from the process
cross section, the density of atoms in the material (N), and the number of electrons per
atom (Z) and is given by X=NZcr. with units of cm'1 and is a function of photon energy.
We can also define a mass attenuation coefficient (|i with units cm2 g'1) by dividing Xby
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p. Similarly we can convert 1 to a quantity often called grammage (x with units g cm'2) by
x = 1 p. Both the mass attenuation coefficient and grammage allow us to compare
attenuation effects in materials of different densities. Using these two quantities, we can
write the intensity (1(E)) as
/( £ ) = I0exp(-|i(£)x)

( 2 .2)

For the X-ray detectors, we need to take into account the attenuation effects of the Nal
and the passive metal filters and coverings. For detectors XI and X2 we can write the
intensity as

1(£)xi = l o exp(-(2pA/(£ )x A, + \iNal (E)xm ))

(2.3)

and
/ ( £ ) *2 = IX1exp (-pfe(£)*FJ

(2.4)

The effective area is the product of geometric area (see Table 2.1 for geometric area of
the X-ray detectors) and the efficiency. Figure 2.4 shows the energy- dependent
efficiency for both XI and X2. The additional absorption from the Fe foil can be clearly
seen.
The energy loss spectrum from a monoenergetic source is a bit more complicated.
Since photoelectric absorption is the dominant absorption mechanism, we might first
expect to see only energy losses with the total photon energy. However, as stated above,
a fraction of these events will have escape fluorescence photons. The energy loss from
these events lie in the fluorescence radiation escape peak (Berger and Seltzer, 1972).
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Figure 2.3 Mass Attenuation Curves
Mass attenuation coefficients (cm2/g) for Aluminum (left panel) and Nal (right panel).
(Zombeck, 1992)
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From the calibration data, the fraction of events that remain in the photopeak is (Forrest,
priv. comm.)
^

Ipe

= 1- Llexp(-0.028£feV,),

(2.5)

where Ipp /Ipe is the fraction of photopeak events out of all photoelectric events and
EkeV is the photon energy in keV. The presence of the fluorescence escape peak
produces another calibration line. The scintillator-PMT resolution broadens the lines into
gaussian peaks with widths proportional to-y]Ehss. Figure 2.5 shows the pre-flight energy
loss spectrum for the 241 Am source. Notice that a monoenergetic photon source will
deposit its energy over a wide range of energy loss bins. This makes converting from
count spectra to flux spectra difficult.
Shield Elements
The GRS instrument came with several sets of active shield elements. These
served to reject events from direct charged particles, attenuate gamma rays from all
directions other than the solar direction, and provide Compton suppression for the Main
Spectrometer. The active shield elements on the side and back were composed of CsI(Ti)
side and the back detectors. In addition, there were two sets of plastic shields (see Figure
2.1). These were the front shield and back plastic shields. The four Csl side shields were
2.5 cm thick, that fit together to form an annulus. The back shield was 7.6 cm thick. The
front and back plastic shields were 1 cm thick (Forrest, 1980). The threshold for
producing an anticoincidence signal in the Csl was approximately 100 keV.
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Table 2-1A Listing and Description of the GRS Scientific Sensor Outputs

The X-Ray Detectors
Two Detectors, XI and X2, each producing a 4-channel Spectrum every 1.024sec
Geometric Area
7.9 cm2
Energy for 50% Transmission
XI: 14keV
X2: 35 keV
Energy Resolution
30% FWHM at 60 keV
Nominal Energy at Channel Boundaries XI: 1 4 ,2 1 ,3 5 ,5 6 ,114keV
X 2 :14, 2 8 ,5 6 ,1 1 4 ,119keV
The Main Channel Gamma-Ray Spectrometer
Seven Nal(Tl) Detectors producing a 476 channel “Singles” and a “Multiples” Spectrum
every 16.384 sec
Channel to Energy Conversion:
EMeV= 0.22320+6.4028 x 10"3n+2.3765 x 1 0 " V +3.277 x 1 0 " V
Geometric Area
317 cm2
Energy Resolution
7% FWHM at 0.662 MeV
Energy at 50% Transmission
200 keV
Burst Window
Readout Time
6.4 ms
Energy Range
~ 300 — 350 keV
Main Channel Windows
Readout Time
2.048 sec
Window 1 (MCW1)
4.1 - 4.7 MeV: channel 288 - 315
Window 2 (MCW2)
4.7 - 5.7 MeV: channel 316 - 357
Window 3 (MCW3)
5.7 - 6.4 MeV: channel 358 - 385
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The calculated full energy efficiencies of an on-axis source for the two X-ray detectors.
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Figure 2.5 Pre-Flight241Am Spectrum and Calculated Response
Pre-flight calibration data from the 59 keV x-ray from 241Am is compared against the
calculated response showing both the full energy and escape peaks.
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These elements operated in anticoincidence with the Main Spectrometer during
normal mode. During the Inflight Calibration (IFC) mode this anticoincidence was
superseded by a coincidence signal from the calibration source detectors.
Main Spectrometer
The Main Spectrometer was a hexagonal, closest packed array of seven NaI(Tl)PMT assemblies. Each of the cylindrical crystals had a diameter of 7.6 cm and was 7.6
cm thick (a standard 3" by 3" Nal detector). The seven detectors were continuously held
to a common gain, via an electronic servo loop. This loop used three 60co calibration
sources (see Figure 2.1) The stabilization system allowed the analog signals from the
seven detectors to be directly summed before being digitized (Forrest et al., 1980).
Details of the gain stabilization are discussed below.
The combined energy loss signal was directed to one of two identical Pulse
Height Analyzers (PHA). One PHA handled signals from any single detector. These
signals were the basis for the "Singles" spectra. The other PHA handled signals from two
or more detectors that each triggered within 1 microsecond of each other. These signals
were the basis for the "Multiples" spectra. For most studies, a combined "Totals" (Singles
+ Multiples events) spectrums were used. Each PHA digitized the signal into 476
channels. The gain stabilized energy-loss to channel conversion is given in Table 2-1.
The simulation of the on-axis energy response of Nal in the MeV energy range is
more complicated than that for the X-ray detectors. The response function R(Eq ,h) can
be written as
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R (E0 ,h) = n (E 0) f E° D (E ,E0 )G (E,h)dE,

J0

(2.o)

where R(E0,h) is the differential probability that a gamma ray with energy E0 will
produce a pulse height of h, D(E0,E) (the energy deposition spectrum) is the differential
probability that an interacting photon with E0will deposit energy at E in the crystal,
G(E,h) is the differential probability that an energy deposition E will have a pulse height
of h, and T|(E0) is the probability that the incident gamma ray will have at least one
interaction in the detector (Berger and Seltzer, 1972).
D(E0,E) is a combination of continuum emission plus several line features The
line features are the photopeak, the fluorescence radiation escape peak, and the single and
double annihilation-radiation escape peaks. The photopeak is due to photoelectric
absorption, the fluorescence radiation escape peak is due to unscattered K-shell X-rays
from iodine, the single- and double- annihilation escape peaks are due to one or two
unscattered, escaping annihilation photons (Berger and Seltzer, 1972). The energy
deposition spectrum is given by
D (E ,E0) = C (E ,E0) + P0S (E - E0) + P,5 (E - E0 - m e 2 )+
P,<5(E-E,0 —2m c2 )+ P3< 5 ( E - E £) ,

{21)

where Pq is the probability for photoelectric absorption, Pj and P2 are the probability for
single and double annihilation radiation escape, and P3 is the probability for an
unscattered K-shell X-ray escaping. Figure 2.6. Pi and P2 are zero below 1.2 MeV.
The continuum component can have several sources due to primary and
secondary photons. These secondary photons arise from electron bremsstrahlung (both
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primary and secondary) or scattering of 511 keV photons from e-p annihilation. Each of
these photons will have its own energy deposition spectrum (equation 2.7), thus making
the response function difficult to calculate at high energies.
The energy response for GRS has recently been recalculated using the GEANT
Monte Carlo simulation package (Forrest, 1994). Figure 2.7 shows the energy loss
spectrum for several lines The visible secondary peak in each spectrum is the Compton
edge, which is the maximum amount of energy that can be imparted to an electron via
Compton scattering (180°.)
The efficiency e is calculated in the same way as the X-ray detectors. In this case,
however we must include the cross section for Compton scatter and pair production.
Also, the anti-coincidence shielding reduces the efficiency by approximately 10%.
Figure 2.8 shows the efficiency plots for the Totals spectrum. These efficiencies were
calculated after taking into account the passive material in front of the detectors. The
“upper limit” curve is based on efficiencies from Berger and Seltzer (1972). The
’’nominal” curve includes the measured Compton suppression. The “lower curve” is what
would be expected if Compton suppression was 100% effective.
Calibration Sources

The calibration sources were fabricated by incorporating small amounts of “ Co or
‘4IAm into plastic scintillator buttons. Each of these buttons was viewed by it’s own 1.9
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Figure 2.6 Berger and Seltzer Probability Curves Calibration Sources
Total absorption peak (P0), single and double annihilation radiation escape peaks (P, and
P.) and iodine K-shell fluorescence escape peak (P3). Dashed curves were calculated
disregarding the escape of bremsstrahlung and secondary charged particles (Berger and
Seltzer, 1972)
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Calculated response of the GRS Totals Spectra for gamma-ray lines at 0.511,0.847,
1.634,2.223,4.443, and 6.129 MeV
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cm PMT. These PMTs detected the fT particle that accompanies the 1.17 MeV and 1.33
MeV photons from a wCo decay or the a particle that accompanies the 59 keV photon
from the 241Am decay. With this detection method approximately 100% of the 241Am and
90% of the 60Co were tagged (Forrest, et al., 1980). For the Main Spectrometer, the logic
pulses from the calibration PMTs routed the GRS energy loss signals to the gain
calibration loop (during Normal modes) or served to tag events for the calibration
spectrum. For the X-ray detectors, th e 241Am were used to perform the IFC (with the
exception of a gain stabilization loop).
Gain Stability

Photomultiplier tubes convert photons (typically UV scintillation photons) into a
current pulse. The photons come from the ionization losses of energetic electrons inside
the Nal crystal. Hence there is a relation between the energy loss inside the Nal and the
output current, i.e. the gain.
On GRS, the seven Nal-PMT detectors were held to a common gain via a
stabilization circuit. The stable gains were an important feature of GRS in studies cosmic
gamma-ray sources. On a continuous basis, single detector energy loss events that
occurred in coincidence with a signal from the S0Co-PMT detector were digitally
analyzed to determine if the energy loss occurred between preset thresholds. Events with
pulse heights above or below the mid-level gain threshold (set to 1.17 MeV) caused a
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Figure 2.8 Calculated Totals Efficiencies
The upper curve ( R upper lim it) is the interaction efficiency from Berger and Seltzer
after correction for absorption by the passive material in front of the GRS sensor. This
would represent the GRS total efficiency if the shield Compton suppression were
inoperative. The bottom curve ( R lower lim it) is the photo-peak efficiency and would
represent the total efficiency if the shield Compton suppression was 100% efficient in
removing all events not in the photo-peak. The middle curve ( R nominal) is the
calculated total efficiency with the observed Compton suppression. To convert these
efficiencies to an effective area multiply by the GRS Main Channel geometric area of
317 cm2.
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50mV increase or decrease in the high voltage for that detector (a 0.4% gain change).
This active gain stabilization insures that the average wCo rates above and below the mid
level thresholds were equal (Forrest 1980). Figure 2.9 shows the IFC spectrum taken
over 4 years. The stability of the channel location of the MCo peaks and the decay of the
60Co is clearly visible.

Orbital Operation

The GRS instruments had four operational modes. These were Day Normal,
Night Normal, In Flight Calibration (IFC), and Low Power. These modes were initiated
by onboard commands. The time tags for these commands were based on predicted
spacecraft position. Figure 2.10 shows a schematic of the spacecraft orbit and the
different operation mode regions.
The term ‘Normal’ refers to the operation of the Main Spectrometer in anticoincidence with the shields. The Day and Night Normal modes where in effect when the
spacecraft was either in sunlight or in the earth’s shadow. The data from these modes
represent the only useful data for studying gamma-ray sources.
During the IFC mode, all the sensors and shields operated in coincidence with the
calibration source detectors. Data from this mode allowed monitoring of the calibration
source strengths and the gain stability. The number of IFC modes per orbit changed.
From 1980 to 1984 there were two IFCs per orbit. Occurring just after the spacecraft
passed into the earth’s shadow (sunset) and just before it passed out of the shadow
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Figure 2.9 The GRS Main Channel In-Flight-Calibration Spectra
The observed in-flight S0Co calibration spectra obtained on 21 June 1980,04 June 1982,
and 27-April, 1984. The decreased intensity as a function of time is explained by the 5.2
year half life of S0Co.
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Night NormalFigure 2.10 SMM Orbit and Operation Modes
The major operation modes for GRS are shown in relation to the spacecraft’s orbit.
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(sunrise). From 1984 to 1988, only the sunset IFC mode was exercised. From 1988 until
the end of the mission, only one sunset IFC was exercised per day.
The Low Power mode allowed the spacecraft to pass through the South Atlantic
Anomaly (SAA) without damaging the instrument. The SAA is a low altitude portion of
the Van Allen radiation belts.
Off-axis Response
Although the SMM spacecraft was strictly solar pointing and solar observing, it’s
large field-of-view enabled GRS to make observations of non-solar sources (Share 1988,
Harris 1990,1991, Matz 198x, Hersh 1995). An operational definition of FOV is the
angular distance away from the pointing direction where the sensitivity falls below 50%
of it’s on-axis value. For GRS, the FOV is approximately 80°.
The sensitivity does not fall off linearly with angle. The exact behavior is
determined by the placement and the distribution of the materials around the detectors.
Figures 2.1 and 2.11 show the physical layout of the GRS and X-ray detector systems. As
can be seen in figure 2.1 the detectors and the shield elements were placed in a
configuration with radial symmetry.
The sensitivity as a function of angle is called the off-axis response. Because of
the non-linear nature of gamma-ray interactions, this must be computed numerically. No
off-axis response was measured before launch. We therefore turn to a Monte Carlo
simulation package, GEANT, to compute the response. This package was developed at
CERN to simulate the behavior of nuclear detectors.(Brun et al., 1987)
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Figure 2.11 Schematic of X-ray Detector System
The layout used in GEANT to model the X-ray detector system. The two major
attenuating masses, the Aluminum Plate and the Lead Plate are shown. Both are located
approximate 15 cm above the detectors.
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In this section I will discuss the GEANT package, how the GRS instrument was
modeled, and the off-axis response. We will present verifications of the off-axis response
in a later chapter.
GEANT Simulations
GEANT is a nuclear physics simulation package used to aid in the design and
testing of experiments. The package can simulate electromagnetic processes and nuclear
interactions. In the simulation package, the user defines elements of the detector by
specifying both the materials (scintillators, support structures, housings) and shapes
(boxes, spheres) of the elements. These elements are then positioned in the simulation
space. When the program is executed, the simulated instrument is subjected to incident
particles (e.g., gamma rays). The program uses energy dependent cross sections to
determine which, if any, interaction occurs.
Energy losses inside the simulated scintillators are recorded at the end of each
event simulation. These energy losses are then processed to apply the energy loss
broadening characteristic of scintillation detectors. Anti-coincidence and shield
thresholds can also be applied. The energy losses are then binned into energy loss
spectra.
X-Rav Detector System
Even though the X-ray detectors are not used in this research (because their FOV
is too small to include Cygnus X-l), I did use GEANT to determine the Off-axis
response of the two X-ray detectors. The X-ray detectors and their asymmetrically
distributed surrounding material are shown in Figure 2.11 Above the detector is a
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rectangular shaped aluminum support plate. In addition to this, there is an Al/Pb cover of
the Main Spectrometer that lies off to one side. The spacecraft’s Instrument Support plate
lies on the opposite side.
To account for this asymmetric distribution of materials, the GEANT simulated
instrument was rotated in both x and y by ±50° (in 5° increments). At each rotation, we
used six monoenergetic beams (corresponding to the center energies of the XI and X2
channels).
Since GEANT does not take into account the K shell absorption of electrons
(GEANT was designed primarily for High Energy nuclear physics experiments), the
fluorescence radiation escape peak is not modeled. This along with the broadening of the
energy loss values is carried out in a post processing step. To account for the
fluorescence escape peak, the IJl value is calculated for each photoelectric absorption.
This value is compared to a random number chosen from a uniform distribution. If the
number is greater than the 1^1 the value, 29 keV is subtracted from the energy loss. The
instrument energy loss resolution is applied by adding a normally distributed value to the
energy loss. The width of the normal distribution is taken to be^Eloss. Figure 2.12 shows
a block diagram for the X-ray instrument processing.
After we processed all the rotation data sets, we compared the different energy
loss spectra to the on axis calculation. We accumulated a table of transmission
efficiencies for the different channels and offset angles. Figure 2.13 shows a resulting
off-axis response for XI channel 1.
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Gamma-Rav Detector System
The modeling of the Main Spectrometer was carried out in a similar manner as
above (Forrest and Levenson, 1994). Several of the instrument characteristics are applied
after processing. These are Compton suppression by the shields, characteristic energy
loss broadening, and energy loss to channel conversion. The Compton suppression
requires any energy losses in the shields be more than the 100 keV threshold.
Because GRS is radially symmetric, only one offset angle was used in calculating
the off-axis response of the instrument. Simulations were carried out every 10° over the
range 0° to 180°. At each angle, 72 monoenergetic sources were simulated. These 1,368
spectra constitute our off-axis response for GRS.
Because we are now using a Monte Carlo simulation at 72 discrete energies, we
need to recast Eqn 2.6 slightly. We now define our off-axis response as the matrix R;j(0k),
which gives the effective area at the ith channel given a photon at the jth discrete energy
and given that we are interested in the kth off-axis angle
To generate the count rate for a particular source as a function of off-axis angle
c / 0 j = X * ; . ; (e* )F (£ ,),

i

(2.8>

where C(0k) is the count rate in channel j at off-axis angle k, F(E;) is the source flux
(y.cm2 s'1) at each of the 72 simulation energy bins, and R;j(0k).The C.(0k) values are
summed into broad energy bands whose boundaries were determined based on the
behavior of the GRS background. Figure 2.19 shows our off-axis response for the Crab
Nebula in the energy band 322 keV - 473 keV.
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Figure 2.12 Block Diagram of X-ray Detector Modeling
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Figure 2.13 Sample X-ray Detector Off-axis Response
Off-axis response for the XI detector, channel 1 (14-21 keV). The response is
asymmetric due to the Pb plate, whose effect can be seen on the right side of the plot,
The A1 plate limits the Field of View to ±15° in Ecliptic latitude.
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Figure 2.14 GRS Off-axis Repose for Crab Nebula
Off-axis response for the Crab Nebula in the range 322 - 473 keV
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CHAPTER 3

BACKGROUND MODELING

Gamma-ray astronomy instruments operate in a high background environment.
This background is due to the natural sources of gamma radiation and neutral particles
found in the earth’s atmosphere and in low-earth orbit. Gamma rays can also come from
the sun or a host of galactic and extragalactic source (e.g., cosmic diffuse gamma-rays,
pulsars, plerions, supernova remnants, x-ray binary systems, molecular clouds, active
galaxies, and quasars).
The gamma rays from the earth’s atmosphere and from the spacecraft are major
sources of background for low-earth orbiting gamma-ray instruments. At low energies,
the brighter of these two sources is the earth's atmosphere. Cosmic rays produce the
atmospheric gamma rays by nuclear interactions. For GRS, this source accounts for 50%
of the observed counting rate level. To complicate matters, the flux of gamma rays on the
instrument can vary by a factor 2 over an orbit depending on the local cosmic ray
environment. Also a fraction of the neutrons produced by these nuclear interactions enter
the instrument and produce a signal.
Gamma rays produced in the spacecraft arise from the radioactive decay of
isotopes in the spacecraft material. These isotopes are either naturally occurring (i.e.,
contaminants) or are induced through interaction of high energy charged and neutral
particles with
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the spacecraft The flux of gamma rays from these induced isotopes depends not only on
the spacecraft’s instantaneous location but also on the spacecraft’s orbital path. This is
because the earth’s magnetic field modulates cosmic ray flux. The signal from these
decays produce variations in the background count rate on range of time scales. The time
scale of the signals dictates which of these decay sources dominate.
Galactic and extragalactic sources can be grouped according to whether or not
they are extended sources. The extended sources, the cosmic diffuse gamma-ray emission
and the galactic plane, produce a significant count rate in the GRS because of the
instrument’s large field-of-view. The fraction of the FOV that is covered by the earth
determines the size of this extended source signal. The point sources all contribute to the
instrument count rate depending on where they are with respect to the instrument’s FOV.
Following the caveat “One man’s trash is another man’s treasure,” we will define
background to be any source other than the Crab Nebula, Cygnus X -l, and Galactic
Center region. This background is very difficult to predict accurately. In order to
calculate the flux of gamma rays incident on the spacecraft from these sources one must
know both the instantaneous flux of cosmic rays and gamma rays on the earth's
atmosphere and the history of the charged particle flux on the spacecraft—an impractical
task for data on a 16s basis. We therefore need to look at empirical background models.
In constructing our model we will choose parameters that relate to the terrestrial,
activation, and cosmic diffuse components. We neglect the effects of the other point
sources because the count rates produced by these sources is small (as long as they are
not flaring).
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Background Model Requirements
In defining our requirements for the background model, we must keep our goals
in perspective. We are attempting to identify signals from both the Crab Nebula and
Cygnus X-l. In the energy band of 322-473 keV, we have calculated a maximum count
rate of 15 counts/rcd and 5 counts/rcd (where 1 record is a 16.384 second GRS record)
from the Crab and Cygnus X-l respectively. Given that we expect to see on the order of
650 counts/record for the total GRS count rate in this energy band, our two sources
represent only 2 % and 0.7% of the GRS count rate. Therefore, the requirement for the
background model is that it predict the total GRS count rate to an accuracy of <1 %.
Secondly, we must minimize the effects of known, bright sources. Figure 3.1
shows the predicted count rates from Cygnus X -l, the Crab Nebula, and the Galactic
Center. There are two epochs during the year when these three sources are not near their
conjunction with the sun (i.e., closest to the GRS viewing axis). We will not use the time
interval that occurs before the Crab Nebula maximum because it contains off-axis signals
from Cygnus X-l that would complicate our background model. We are left with the
interval that occurs after the Crab Nebula maximum response. Therefore, we use data
taken from day-of-year (DOY) 210 to DOY 258, from each year, to construct our
empirical background model for that year. Using the data in 1984 gives us the
background model we use between the DOY 210 in 1984 to DOY 209 in 1985. The
model constructed from the DOY 210-258 in 1985 and 1986 follow similarly.
Due to the build up of long half-life radioactive isotopes and the decrease in the
altitude of the spacecraft, the magnitude of the observed count rate differs from year to
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Figure 3.1 Background Model Data Selection
Response functions for the Galactic Center, Crab Nebula, and Cygnus X -l are shown.
The day-of-year’s from which we choose the background modeling data is delimited.

year. To overcome this long term change in background rate, we use data from two
background models. For any given day of year, we calculate a background value by
linearly interpolating between successive background models. For example, we can
calculate the background for day 100 in 1985. To do this we take the output from the
1984 model and the 1985 model and then linearly interpolate between the two outputs.
This interpolated value is used as the background.
O ther Background Models
In recent studies of long-term monitoring of gamma-ray sources, two other
background models have been used. We briefly we describe them here. These two
models were also developed for use with non-imaging, large field-of-view instruments.
One method was also applied on the GRS data (Share and Kinzer, 1988, Harris and
Share, 1993). The other was applied to CGRO/BATSE data (Rubin et al., 1993).
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The BATSE method uses a large number of parameters (e.g.. Rigidity, percentage
of the earth’s disk in the field of view, occultation flags for point sources) in a
multiparameter description of a two-week data set
The method applied to the GRS data set (Share, Kinzer, 1988), also uses a large
number of parameters. However, they do not attempt to fit any coefficients to these
parameters. Instead they form a background estimate by finding data points that have
identical or nearly identical parameter values. These data points are taken from two data
sets, separated by one year. These data points are then subtracted to form a relative
change in the observed counting rate. This relative change is then analyzed to look for
transient events (Harris and Share, 1993, Harris and Share, 1994). This method has one
major drawback—given their large number of parameters, they have sparsely populated
parameter space. This implies that when they try to match parameter values from
successive years, they may be unable to accurately match the conditions under which the
data were sampled.
UNH/GRS Background Modeling

Our method has characteristics of both the previously mentioned methods. We
use parameter matching and modeling to assign background estimates to each GRS
record. Figure 3.2 shows a flowchart of the steps for constructing our background model.
The major features of the modeling process are the
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Figure 3.2 Flowchart of Background Model Procedure
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prior removal of Crab Nebula and Galactic Center contributions, densely populated
parameter space due to coarse resolution of the parameter values and a small number of
parameters, and the use of Neural Networks.
Due to GRS's large field of view, strong sources contribute to the observed count
rate throughout the year. The Crab Nebula and the Galactic Center are the two strongest
sources that GRS observes. Since there are measurements of the spectrum from these two
sources (Graser and Schonfelder, 1980, Harris and Share, 1990), we can predict the count
rates and remove them from the data before we create the background model.
Background Model Parameters

We choose the coordinates of our background data space such that the major
features of the background are static in this coordinate system. The first two coordinates
are the Geographic Longitude of the Spacecraft’s Ascending Note (A) and Difference
between the Spacecraft’s longitude and the most recent ascending node (A). There are
background features that are geographically dependent and these can be isolated in these
two coordinates. One of these is the South Atlantic Anomaly (SAA) which is a region
located above Atlantic Ocean east of Brazil where one of the cusps of the Van Allen
radiation belt dips down to spacecraft altitudes. This region has high densities of high
energy electrons and protons. The protons irradiate the spacecraft, which gives rise to
several species of isotopes in the spacecraft material that will radiatively decay over
many time scales. Another effect that is fixed in this coordinate system is the cosmic ray
energy and number distribution, which is dependent on the Earth’s magnetic field.
Figures 3.3 and 3.4 show the background count rate versus A and A. SAA induced
activation effects are seen in Figure 3.3 in the regions of A <180° and A >300°.
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Figure 3.3 Background Count rates vs. A
The GRS Background count rate as a function of the A model parameter. The region to
the left of 120° is influenced by the SAA as is the region to the right of 300°.
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Figure 3.4 GRS Count Rate vs. A
Figures a) and b) show the GRS count rate versus the A model parameter. Figure a)
shows the results with a A < 180° cut. Figure b) shows the results with a A >180° cut.
The differing behavior of the two cuts is the reason for breaking up the parameter space
into subregions. The double hump behavior seen in b) is why we divided the A parameter
into two regions.
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Cosmic ray fluxes over the Earth’s surface are related to a parameter called
Vertical Cutoff Rigidity (also called Rigidity). This is a measure of the minimum
momentum particle that can reach a given latitude and longitude at a given altitude. The
effects of rigidity are mapped into the A-A coordinate system because these effects are
based on latitude and longitude. We choose not to directly model our background directly
on Rigidity for two reasons. First, the tables of cutoff rigidity are based on models of the
earth’s magnetic field. Second, the count rate observed at a given cutoff rigidity value
can be doubled value. This is because you can arrive at a given rigidity value either from
higher or lower rigidity regions. If the spacecraft has passed through a low rigidity
region, it will have developed more activation than if it had just passed through a high
rigidity region. This effect is removed when we use the A-A coordinate system.
Since the SAA occurs over a fixed latitude and longitude, it’s effects are also
mapped into the A-A coordinate system. Each value of A represents a unique orbit of the
spacecraft. On a fraction (-40%) of these orbits will actually intersect the SAA region.
The time of the SAA passage after the ascending note is mapped into the A coordinate.
The third parameter used is the Sun-Earth-Spacecraft (0) Aspect angle. This
coordinate parameterizes the effects of different pointing directions relative to the earth.
It also includes effect of earth blockage on the Cosmic Diffuse Gamma-ray emission.
When the 0 value is small, the effects of the Earth’s contribution to count rate is
minimized and the flux from the cosmic diffuse emission is maximized. Figure 3.5 shows
the GRS count rate versus the 0 value. Note that even when 0 is small we still measure a
large count rate.
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Figure 3.5 GRS Count Rate vs. 0
Figures a) and b) show the GRS count rates versus the 0 model parameter. Figure a)
shows the results with a A < 180° cut and b) shows the results with a A > 180° cut. The
differing shapes of the negative 0 data and the positive 0 data prompted us to divide the
0 data into two separate regions.
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Background Model Construction

As seen in Figure 3.2, we carry out our background modeling in several steps. We
have two pre-processing steps: removing contributions from the Crab Nebula and
Galactic Center and then removing outlier data records, as discussed below. This is
followed by the neural network training.
In Figure 3.1 the reader can see that both the Crab Nebula and Galactic Center
contribute roughly equally over the data collection period. During this time period,
neither sources are directly in the FOV but lie off-axis. During early attempts to model
background, we left these two source contributions in the background data. We ended up
with systematic errors in our background model made it not sensitive enough to detect
the Cygnus X-l source. This implied that were getting systematic variations from these
two sources. During the time that we observe Cygnus X -l, neither the Crab Nebula nor
the Galactic Center has the same count rate as they do during the time range from which
we take the background data. We then decided to use known spectra for both these
sources and remove an estimated contribution from both sources from the background
data. To remove the estimated contributions we kept track of the Sun-Source angle
(which is our off-axis angle) and Source-Earth-Spacecraft (QJ aspect angle. For 0^
values < 110° or > - 110° (these angle ranges define the source unocculted data) the source
contribution was removed.
The next step was to bin these data into coarse parameter bins so that each has
adequate statistics. We bin the A into 15° bins, the A into 14° bins, and 0 into 10° bins.
For each coarse A -A -0 combination we checked the distribution of count rates for
symmetry. We expect the distribution of count rates to have a gaussian distribution
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around the mean. We found this not to be the case, because there are outlier events due to
bit-errors, gamma-ray bursts, solar flares, or charged particle events. To reject these
outliers we calculated an average and median count rate value for the distribution. The
presence of outliers can be seen in the difference between average and median values. If
these values disagree by more than l a (where <Twas taken to be the median value) we
remove the maximum or minimum valued count rates and repeat the test This process is
repeated on for a maximum of 6 iterations. The process stops the difference between the
average and median is less than la . We then store four values for use in the neural
network: average A, average A , average 0 , and average count rate
Neural Network

We will describe a neural network as a nonlinear mapping that transforms the
input values into the output value. This nonlinear mapping is configurable during a
training process wherein the coefficients of the linear neural network equations are
adjusted to minimize the error between neural network output and the desired output. In
our case, the inputs are the three average parameter values and the output is their average
rate. The neural network provides an estimate of the background for any parameter
combination.
We choose to use a neural network for several reasons. First, neural networks are
efficient and reliable interpolators.. This is important since we have only coarse
resolution in our raw model. Second, it offers a compact representation of the
background model. For one yearly background model we only need 24 coefficients to
describe the background. Our final reason was that it was a new technique and as such
represents an experiment in data modeling.
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As seen in Figures 3.3, 3,4, and 3.5 the background shows different behavior in
different regions of the parameter space. As seen in Figure 3.4, the background shows a
double hump behavior with respect to A. Because the shapes of the humps are different
the neural network had difficulties in fitting both shapes. We therefore divided the A
parameter into two regions [0°,168°] and [169°,350°]. This allowed the neural network
to fit only one hump shape at a time. In Figure 3.5 we see that the negative 0 data has a
different shape than the positive 0 data. For similar reasons, we divided the 0 data into
positive and negative regions. The A parameter space was divided into 4 regions, each
covering a 90° range. This gave us 16 subregions on which train our neural networks.
Each of these subregions included overlap into the neighboring regions. This gave us
some continuity between the edges of different neural networks.
Each of the 16 subregions were trained for data from 1984, 1985, and 1986. To
calculate the background model for each GRS record, we used one degree resolution for
the A, A. and © parameter values in the appropriate subregion’s neural network. The
resulting background estimate was recorded
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CHAPTER 4

DATA ANALYSIS

Introduction

The occultation of sources by the earth is central to our analysis. Because GRS is
a non-imaging, large FOV instrument, it can not inherently separate signals from the
various gamma-ray sources. We use the earth to temporarily mask the effects of one or
more of these sources. In this study, we look at data around the time that a source makes
the transition between being occulted and unocculted. We make the argument that any
step-like change in the count rate seen during this time must be due to that source. By
comparing the count rates during both the occulted and the unocculted portions with our
background model we can measure the intensity of the source.
An important effect that must be accounted for is short term systematic errors. In
the previous chapter, we discussed minimizing the long-term systematic change in
background by linearly interpolating between two successive background models. Now
we need to minimize shorter-term, small counting rate effects that can affect our ability
to detect our source signals. These systematic effects can come from two sources: real
variations in the cosmic ray induced part of the overall background (e.g., Forbush
decreases) and model induced. We can be account for the first kind of error by applying a
d.c. offset to our background model, as these effects are longer than our observation
time. The second error can arise due to incompletely or inaccurately modeled regions
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of the background. We can be minimize these effects by making appropriate data selections
based on our model parameters.
As one of our tests for the data analysis techniques, we made observations of a blank
region of the sky. If our analysis works correctly, we should get an answer that is consistent
with zero. The blank field was chosen at galactic coordinates -70°, 0° ({“,{•“). This mirrors the
Cygnus X-l location of 70°, 0°(J“,{•“). By choosing our blank field location at this point, we
should be able to get estimates of residual systematic effects due to the diffuse galactic
emission.
In this chapter we will discuss the analysis steps used to obtain our final results. The
chapter is divided into three sections: occupation edge analysis, minimizing systematic
errors, and a blank field test case
Occultation Edge Analysis
Source Confusion

What is it and how do we rid ourselves of it? These are to two questions we will
address in this section. Source confusion is the inability to distinguish the individual
contributions of two or more sources. For GRS, this inability is due to its non-imaging
design. The instrument integrates signals from all parts of the sky into a single spectrum
every 16.384 second interval. Other non-imaging detectors such as BATSE have the same
problem.
However, this problem is not insurmountable. The earth, as seen from the spacecraft
altitude of approximately 450 km, covers approximately 1/3 of the sky. The apparent
location of the earth as seen from the spacecraft, changes as the spacecraft moves in its orbit.
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During this apparent motion, the earth will temporarily occult different sources. It is this
occultation of sources by the earth that allows us to overcome our source confusion.
In our analysis of this occultation data, we use a coordinate system based on the
Source-Earth-Spacecraft (0^) angle (see Figure 4.1). This angle is calculated by finding the
angular distance between the source position (which is fixed) and the spacecraft position
(which changes). We define the smallest value 0 CTCas ‘source noon’ and the largest values as
‘source midnight’ Figure 4.1 shows a schematic of an orbit, with a source shadow region
highlighted. The angle between ‘source noon’ and the intercept between the orbit and the
shadow region is 110°. The angular location of the occultation is a function of the spacecraft
altitude. The geographic latitude and longitude is found by projecting the spacecraft’s
location onto the earth’s surface. Figure 4.2 shows a typical occultation plot accumulated
over a 3-day period from our Crab Nebula data set. The occulted data lies at 0 ^ angles
greater than 110°. The transition from unocculted to occulted is easily seen and the transition
occurs at the correct angle.
Binning The Data

A single occultation will not show an effect, because the signals from the sources are
weak compared to the background. In order to detect the source occultation, we have to
average together many occultations to increase their significance. For the Crab, we expect
about 15 counts/rcd and the background is on the order of 600 counts/rcd. If we want to get a
3'c detection of the Crab, then we need the statistical error on the background model to be on
the order of 5. Because the error squared goes as
(4.1)
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To Source
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Source-Spacecraft
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(®*c)
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Spacecraft
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and
Longitude
Spacecraft

Source Occulted
Figure 4.1 Spacecraft Orbit and Model Parameters
The background model parameters and their relation to the spacecraft orbit are shown. The
size of the spacecraft has been exaggerated for clarity.
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Figure 4.2 Example Crab Occultation Data set
Occultation edge data taken from a 3 day period centered on DOY 213 in 1984. Figure a)
shows the raw data and background model. Figure b) shows the residual between the data
and the background model with the occultation profile.
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where B is the average background rate and N is the number of GRS records, we get that we
need about 28 orbits to guarantee a 3a detection. We need to accumulate the data for 1.5
days, since the spacecraft has 16 orbits per day. However, as seen below, we lose about half
of our data to South Atlantic Anomaly (a region of high energy, charged particles)
activation. So we need to accumulate our data in three day bins.
In order to analyze the occultation data, the data in these three-day bins is binned
according to its ©„ value. We limit our analysis to the region of 0 srcvalues of [90°, 120°].
We performed the analysis on this small region to minimize the number of occultation
parameters need to fit the data.
In order to determine if we should analyze a data set, we looked the number of GRS
records. Data sets that have 10 populated, unocculted, and 5 populated, occulted 0 S[Cbins are
passed on for further analysis. We have also found that we need on the order of 15 GRS
records, or more, per bin in order for our fitting routine to give reasonable results.
Fitting Data To Profiles
Now that we have occultation data sets, we need to extract the source counting rates
from them. We do this by fitting the occultation data with an expected occultation profile. A
profile describes how the counting rate of a source changes as a function of Qsc angle. We
use the following formula to describe the occultation profile for a point source:
R; =B(xi)+ A 0+ ---------^ ------ - ,
1
■'
0 l1+t e * ,x;
-110
p ( -_ )

(4.1)

where R; is the model count rate for the ith angle bin, B(x;) is the background model at angle
x}, A0is an offset to applied to the background model to account for systematic variations,
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and A, is the source amplitude term, 110° is the assumed location of the occultation edge, 0.5
was chosen to match the observed occultation transition width, which is about 2 bins. This
equation works well when we are analyzing the Crab Nebula.
However, when we are looking at Cygnus X-l, we need to take into account the
presence of secondary sources. In particular, we need to account for the contributions from
the galactic center and galactic plane emissions. To do this, we need to determine the shape
of these other profiles in the 0 ^ coordinate system of the source being studied. Due to the
precession of the spacecraft’s orbital plane (54 days), the location the secondary source’s
occultation edge will drift with respect to the primary source’s occultation edge. Over the
three day accumulation this will cause the observed width of the secondary source’s
occultation profile to increase. If we tried to account for this analytically, it would
necessitate the adding of variables for the secondary source’s occultation edge location and
width. In working out the fitting routine for the point source case, we saw that there was
difficulty in allowing the occultation edge location to float. In addition the adding of two
more variables would increase the fitting errors on the parameters. This would make the
fitted values no longer statistically significant.
Table 4.1 shows a sample of our Cygnus X-l data set. The last two columns are flags
that indicate whether or not the corresponding source is occulted (0) or unocculted (1). When
we make our three-day accumulations, we also accumulate the sum of the flag values. Table
4.2 shows a sample binned data set We normalize the binned flag data by the number of
records on a bin-by-bin basis. The normalized flag data then becomes our occultation profile.
Figure 4.3 shows the profiles from Table 4.3. In this case, the Galactic Center profile
undergoes a transition during the Cygnus X-l unocculted phase.
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So our fitting routines works in one of two ways. We can either fit the data with
Ri =B (xi)+ A 0 + X A jPj(xi),

(4.2)

j=i

TIME
2:17:05
2:17:22
2:17:38
2:17:55
2:18:11
2:18:27
2:18:44
2:19:00
2:19:16
TIME
2:17:05
2:17:22
2:17:38
2:17:55
2:18:11
2:18:27
2:18:44
2:19:00
2:19:16

Orbit
Num.
26.02
26.02
26.02
26.02
26.02
26.02
26.02
26.02
26.02

Orbit
Red
0
1
2
3
4
5
6
7
8

Data
1015
989
1012
970
992
948
967
971
975

Bkg
965.79
965.79
965.79
965.79
959.56
959.56
959.56
959.56
959.56

Table 4-1 Sample Data Set
Rigidity A
A
11.6
11.7
11.6
11.6
11.5
11.6
11.6
11.5
11.6

297
297
297
297
297
297
297
297
297

33
34
35
36
37
38
39
40
41

-179
-178
-177
-176
-175
-174
-173
-172
-171

-126
-125
-125
-124
-124
-123
-122
-122
-121

Diff
49.21
23.21
46.21
4.21
32.44
-11.56
7.44
11.44
15.44

Diff2

r

2421.62
538.704
2135.36
17.7241
1052.35
133.634
55.3536
130.874
238.394

2.5074
0.5578
2.211
0.0184
1.0967
0.1393
0.0577
0.1364
0.2484

FLAG,rh
1
1
1
1
1
1
1
1
1

FLAG„„
0
0
0
0
0
0
0
0
0
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Table 4-2 Sample Binned Data
ASPCYC B0206C B0206 b0206b db0206 d2b0206 c2b0206 CYFLAG CRBFLAG GCFLAG

90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

1
1
1
2
3
4
2
6
7
9
10
10
13
13
15
17
19
24
20
23
31
26
32
31
36
32
36
35
39
35
40

791.00
785.00
793.00
793.00
806.67
791.75
774.50
763.50
789.86
771.78
806.10
783.50
802.77
782.38
792.27
790.76
793.32
791.71
782.10
796.78
791,52
789.42
785.53
783.42
789.97
784.44
781.86
784.77
787.33
791.29
794.20

764.69
764.69
764.69
747.32
760.17
764.06
752.79
758.58
760.68
757.94
760.37
764.00
758.99
766.72
769.10
768.78
770.72
773.80
773.60
776.19
775.85
781.02
781.82
785.27
784.21
783.24
786.87
788.14
791.91
794.38
796.51

26.31
20.31
28.31
45.69
46.50
27.70
21.72
4.92
29.17
13.84
45.73
19.50
43.78
15.66
23.17
21.98
22.60
17.91
8.50
20.60
15.66
8.40
3.71
-1.85
5.76
1.20
-5.01
-3.37
-4.57
-3.10
-2.31

26.3100
20.3100
28.3100
32.4520
27.7123
14.9705
22.8415
12.7563
15.9840
8.5997
15.5251
12.3810
12.9057
8.0470
8.5287
8.0181
7.7665
6.9330
6.8584
5.8992
5.8593
5.3593
3.5894
4.7375
4.0520
4.9504
4.8932
4.8325
3.8906
4.8651
3.9443

0.9052
0.5394
1.0481
2.8324
3.0799
1.2001
1.4189
1.2854
2.3328
0.8910
3.1601
2.0097
2.8462
1.1106
1.4121
1.4360
1.4907
1.4994
1.2336
1.0358
1.3742
0.9589
0.5295
0.8855
0.7478
1.0028
1.0870
1.0407
0.7458
1.0438
0.7837

1.00
1.00
1.00
1.00
LOO
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.57
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
LOO
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
LOO
1.00
1.00
1.00
1.00
1.00
1.00
1.00
0.98
0.82
0.70
0.52
0.32
0.26
0.07
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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where R, is the predicted count rate at 0 ^ angle xi5B(x) is the binned background model
value at the given angle, P(x;) is the empirical profile for the jth source.
To determine the coefficients for the above equations, we use a X minimization
routine. Figure 4.4 shows the Occultation profile from Cygnus X-l for DOY 396 in 1985.
We determine the allowed range of the coefficients by the method of Lampton et al.
(1974). We randomly sample the parameter-space around the best fit values. We find the
region where the change in X is less than the critical value .We take the use the maximum
and minimum allowed parameter values to define the error.
Minimizing Systematic Errors
Background Model Selection Criteria

As mentioned above, we need to minimize the effects of short duration systematic
errors. We will do this by making appropriate data selections based on the background model
parameters. We first determined which regions of our background model were subject to
large systematic errors by examining each of our 32 neural network sub-tables (see Chapter
3). We looked at the average residual between the training data and the background model
and the sample variances (Figure 4.5a-c), and the Xvvalues (Figure 4.6a-c). The neural
network code used in these figures is a three-digit code to specify the regions of parameter
space that is covered by each neural network sub-table and is presented in Table 4.4.
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Figure 4.3 Example of Occultation Profiles
Occultation profiles from Table 4-2. The Crab Nebula does not undergo a transition between
occulted unocculted during the observation. The width of the Galactic Center’s occultation
profile is due to the precession of the spacecraft’s orbit.
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Figure 4.4 Sample Cygnus X-l Occultation
Occultation edge data taken from a 3 day period centered on DOY 396 in 1985. The residual
between the raw data and the background model is plotted along with the occultation profile.
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Figure 4.5 Average Residuals from Neural Network Tables
Average residual between the data and the background model for the training data sets from
1984 (a), 1985 (b), and 1986(c). Error bars are the l a sample standard deviation.
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Figure 4.6 Reduced X Values for Neural Network Tables
Reduced X values for the neural network tables from 1984(a), 1985(b), and 1986(c).
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As can be seen in Figures 4.5, neural network tables with Longitude of the Ascending
node (A) values between 0 and 90 have large, table to table differences (Tables
110,111,121,122 in Figure 4.5). These would appear in the background model as large
discontinuities in the time history of the background. The same is true for the A values
between 91 and 180 (Tables 210,211,221,222). Physically we would need to exclude part of
this data because orbits with A values in the range 0° to 180° intersect the SAA to various
degrees. This would give us activation contaminated data. We would also need to exclude
values of A with values greater than 300° for the same physical reason. So our first data
selection is to only accept data with A in the range [180°, 300°].
Another source of systematic error would be real transient events such as solar flares
or particle events. These events tend to have count rates that far exceed a 3<J effect in a single
record. Using our background model, we tag each record with an integer between -9 and -4,
with a G, or in the range between 4 and 9. These are the truncated values of (databkg)/sqrt(bkg) (called Outlier Flag — OLF). Values of this quantity greater than 10 or less
than -10 are stored with a 9 or -9 values respectively. Values of the quantity between -3.99
and 3.99 are stored with is value of 0. These 0 valued data points represent 'transient' free
data. Given that a single record has an average value of 700 counts/rcd, this ± 3.99 range,
allows us to sample transient values of ± 105 counts/rcd. Imposing a data selection of OLF=0
does not give us an unduly biased data set. We do not expect to see a ± 105 increase in the
Cygnus X-l or Crab rates.
We would also like to maximize our signal to noise ratio. We can do this by selecting
data based on it’s Vertical Cutoff Rigidity. While it is true that the coordinate system defined

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.

68
by A and A have rigidity effects mapped onto it, it would be difficult to impose a rigidity
cutoff value by specifying A, A regions. Since rigidity >10 GV represents the lower
counting rates without sacrificing sampling efficiency too greatly, we impose a final
restriction on the data by specifying a Rigidity > 10 GV cut. Figure 4.7 shows a map of the
earth with Vertical cutoff Rigidity contours superimposed. In addition a schematic of a GRS
orbit is also drawn. The spacecraft only travels through a region of <10 GV Rigidity over the
Gulf of Mexico Region. This region represents a very small portion of the area traversed by
the spacecraft.
Now we have 3 data selection cuts A > 180° and A < 300° and Rigidity >10 GV and
OLF=0. This minimizes the effects of SAA activation, Cosmic Ray activation, and transient
events.
Occultation Offsets
There are two sources of real systematic errors that need to be corrected when we
analyze occultation edge data sets. One is due to real changes in the background ground due
to changes in the local cosmic ray environment. Such changes have been seen following
periods of solar activity (e.g. Forbush decreases). The Mt. Washington Neutron monitor
recorded a 30% decrease for a full month in June 1991 in cosmic rays induced neutrons
(Lockwood, 1996). Other real changes are due the presence of other cosmic sources while
our primary course is undergoing it’s transition between occulted and unocculted.
To correct for these two effects, we calculate and apply a dc offset to the stored
background model on an orbit-by-orbit basis. Since our background model split the 0 into
two sections, we calculate and apply a different dc offset to the 0>O and 0<O.
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Figure 4.7 Vertical Cutoff Rigidity Contours
Contours of Vertical Cutoff Rigidity as a function of latitude and longitude are shown. A
typical orbit selected by the A cuts is also shown.
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data. We do this on an orbit-by-orbit basis because the shape of the background can be
different between successive orbits. In addition to this, the unocculted phase of Crab and
Galactic Center drift with respect to the occulted phase of another source. Averaging over
several orbits could introduce another set of systematic errors. There we calculate our
applied dc offset based only the occulted data for each orbit
With the data selection criteria set we have minimized our global systematic errors
and with the orbit-by-orbit offsets we remove short term systematic effects. We are now
ready to analyze the occultation data.
Blank Field Analysis

Let us look at our results from the Blank Field source. As stated before, this is a null
test. The position of the Blank Field was chosen to mirror the position of Cygnus X -l. We
followed the steps laid out above and the results are presented in Figures 4.8 and 4.9. The
data are summarized in Table 4-3.
As can be seen in figures 4.8 and 4.9, the measurements are consistent, for the most
part with zero. In both years, there is a systematic non-zero measurement. If we look at the
all the data in 1984 we get results that are consistent with zero. From 1985, we get a result
that is consistent with zero at a 2.5a level. If we focus in and only look at the data between
the DOYs 290 and 330, we get a better result for 1985. The data in this interval would
corresponds the largest off-axis response for a source at galactic longitude -70°. The data for
1984 remains statistically unchanged, however, the 1985 becomes more consistent with zero.
In spite of this, we still have average values that are larger than their error bars.
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Table 4-3 Blank Field Results
1984
Measurement
Total yc
DOF(v)
X:v
P(>Z%v)
Weighted Avg.
( x)
Weighed a 7
Sample s 7

All Data
28.879
22
1.313
0.148
(1.04g)
1.799

DOY 290-320
4.782
9
0.531
0.853
(1.04g)
1.503

0.905
0.728

1.612
1.252

40.575
21
1.932
0.006
(2.540)
3.552

11.897
10
1.190
0.292
(0.540)
2.794

1.106
1.738

1.721
1.961

1985

Total yc
DOF(v)

Xv
P(>Z%v)
Weighted Avg.
( x)
Weighed 0 7
Sample s 7

The fact that the galactic plane emission is not symmetrically distributed may be one
explanation for the presence of the positive offset in the ‘maximum response’ data. The allsky map at 1.8 MeV (5SA1 line emission) produced from the CGRO/Comptel (Schdnfelder et
al., 1995) shows an asymmetric distribution that is skewed towards the region where we
placed our blank field.
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Figure 4.8 Blank Field Source Rates for 1984
Results from the Blank Field Occultation profile fit for 1984.
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Figure 4.9 Blank Field Source Rates for 1985
Results from the Blank Field Occultation profile fit for 1985.
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CHAPTER 5

RESULTS FROM CRAB AND CYGNUS X -l OBSERVATIONS

Crab Nebula

We analyzed data from three sets of Crab Nebula observations taken from day-ofyear (DOY) 210—273 in 1984, DOY 165—248 in 1985, and DOY 78—204 in 1986.
From these periods, we obtained 17,25, and 14 three-day data sets respectively. One of
the original purposes for measuring the Crab emission was to test the accuracy of our offaxis response (§ 2). Table 5-1 summarizes the goodness-of-fit tests between the fitted
Crab data and our predicted count rates using all the available three-day data sets from
each year.
Table 5-1 Crab Nebula Data: Goodness of Fit
against Off-axis Response
1984
1985
1986
11.125
39.273
10.645
Totalx2
0.741
1.636
0.819
X'v
24
15
13
DOF(v)
0.641
0.743
0.026
p(>r>v)

The good x" values indicate that the off-axis simulations accurately represent the
real instrument response. The measured Crab Nebula count rates and the off-axis
predictions used to compute the numbers in Table 5-1 are presented in Figures 5.1,5.2,
and 5.3. The error bars on the data points were derived from a %2 search of the
occultation model’s parameter space.
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Figure 5.1 Rate versus Time plot for Crab Nebula data from 1984
The data points are the best fit parameter from the occultation edge fits. The solid curve is
the predicted Crab Nebula rate based on off-axis response.
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Figure 5.2 Rate versus Time for Crab Nebula data from 1985.
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Figure 5.3 Rate versus Time for Crab Nebula data from 1986.
The data from 1985 (Figure 5.2) and 1986 (Figure 5.3) appear to be well behaved.
However, the data from 1984 has 5 data points that fall below and are inconsistent with the
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off-axis response. The data from (DOY) 219 suffers from poor statistics. At the transition
angle of 110°, we have only 6 records. This is less than half of 16 records that we would
expect from a single day. Also, the aspect angle bins for the unocculted data have an average
of one to three GRS records each. This is not enough to get an accurate sample. This data set
is shown in Figure 5.4. The data in DOY 231,237,261, and 264 have uncommonly large
systematic and record-to-record variations, either are on the order of 5 to 10 counts/rcd each.
The data from DOY 237 is shown as an example in Figure 5.5. Like the data from DOY 219,
we are not getting a large enough sample. We are only getting on the order of .10 GRS
records per aspect angle bin. In comparison, data points that agree well with the off-axis
response have on the order of 20 records per aspect angle bin. An example of one of these
data sets is shown in figure 5.6
Now that we are convinced that our off-axis response is good, we can convert the
count rates into fluxes. Table 5-2 shows the average flux values for each year. These values
were calculated by looking at the data from the three-day sets that had a >70% maximum
off-axis response. This data range was chosen to maximize our sensitivity to the source flux.
The data points taken at less than this level tend to have large error bars and do not add much
information. The flux data used to calculate Table 5-2 is shown in Figures 5.7,5.8, and, 5.9.
The expected flux is 0.0261 y cm'2 s'1MeV'1over the energy range 322 - 473 keV.
This agrees well with the data from 1985 and 1986. However, the presence of the three nonconforming data points in 1984 lowers the flux. For each year, we calculate two
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Table 5-2 Measured Crab Nebula Fluxes from 3-Day Sets with >70% Off-axis
Response
Weighed Average Flux
Weighed Standard
Sample Standard
(y cm': s'1MeV'1)
Deviation
Deviation
1984
0.022
0.004
0.003
0.024
1985
0.002
0.002
0.024
1986
0.002
0.012
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Figure 5.4 a,b,c Data from Three-day set from day-of-year 219 in 1984
Figure 5.4a shows the number of 16.384 sec GRS records in each Aspect angle bin. Figure
5.4b shows the GRS count rate and predicted background for each aspect angle bin. Figure
5.4c shows the residual values from the data in Figure 5.4b. The non-zero solid curve the
occultation profile with an amplitude of 2.485 counts/rcd, the error bar covers the allowed
range of amplitude. The lack of detectable signal from the Crab is due to the lack of data
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Figure 5.5 a, b, c Data from Three-day set from day-of-year 237 in 1984.
The order of the figures is the same as that of Figure 5.4. There are large amplitude patterns
seen in Figures 5.5b and 5.5c.
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Figure 5.6 a, b, c Data from three-day set from day-of-year 213 in 1984.
The order of the figures is the same as that of Figure 5.4. Unlike figures 5.4 and 5.5, we have
on the order of 20 records in each aspect angle bin. This gives us a detectable signal.
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measurement errors, the weighted standard deviation, and the measured standard deviation of
the data around the weighted average flux. The first gives us the error of the average flux if
all the scatter was due to random variations. The second gives us a true representation of the
size of the scatter. As can be seen for 1985, the two errors are in agreement. This suggests
that not only is our analysis technique capable of measuring a steady source, but at a level
where we get only random errors.
Figures 5.6 - 5.9 shows the Crab Nebula flux vs. time for 1984,1985, and 1986. To
go from the count rate data in Figures 5.1,5.2, and 5.3 to the flux measurements, we
calculated an effective area to the Crab Nebula emission by taking the predicted Crab count
rate and dividing it by the expected flux. We then divided then measured count rates and
errors by this effective area.
As can be seen in Figures 5.1,5.2,5.3,5.7,5.8, and 5.9, different DOYs are selected
out from each year. Between 1984 and 1985 there is very little difference between the range
of DOYs that are selected. However, 1986 has a few data points between DOYs 70 and 90.
Because of the way we interpolate our background model, the DOYs from the early part of
1984 was unavailable for analysis because we did not have background model for 1983. The
latter half of 1986 was unavailable because we did not have a background model for 1987.
We are missing the first half of 1985, even though all the data was available. This is due to
our data selection based on the Source Aspect angle, which we require to be positive. This
means we only accept data that comes from the ‘source-set’ side of the orbit. We reject the
other side of the orbit, because it has some systematic errors that we do not fuUy understand.
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values derived from the count rate, after adjusting for the off-axis response. The error bars
still represent the allowed range of fluxes. The solid line is the average flux, from Table 5-2.
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Table 5-3 shows the results from goodness-of-fit tests using the flux data. We ran
these tests over two data ranges. First we used all the available three-day sets for each year
and then we ran the tests over those data points that had >70% of the maximum off-axis
response. For each data range, we compared the data against two models, the weighted

Table 5-3 Crab Nebula Data: Statistical Tests

1984

Totalx2
DOF(v)

P(>X2,v)
a
Totalx2
X:v
DOF(v)

p(>r,v)
cy

1985

1986

Tests Agains All Available 3-day Sets
Avg. Flux
Avg. Flux
Null
Null
Avg. Flux
107.982
19.594
52.317
37.982
168.159
7.007
3.487
7.199
1.583
1.507
24
15
15
24
13
5.01E-06
3.93E-16
0.035
1.3E-23
0.106
4.414
1.814
>10
>10
1.249
Tests Against 3-day Set with >70% Off-axis Response
5.436
17.994
32.206
121.756
9.035
7.162
0.906
5.368
1.056
1.003
6
6
17
17
9
0.489
1.49E-05
0.392
7.13E-18
0.434
4.172
0.027
>10
0.273
0.166

Null
52.740
4.056
13
1.0E-06
4.768
44.464
4.940
9
1.16E-06
4.768

average and a null test. For the >70% ranges, we get, for every year, a statistically significant
measurement of the Crab Nebula when we compare with the Null test.
Cvanus X-l
We made observations of Cygnus X-l over two periods, DOY 351-471 in 1984 and
DOY 312 - 471 in 1985. From these we obtained 15 three-day sets from each. Table 5-4
shows the results of the goodness-of-fit tests between the measured Cygnus X-l
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Table 5-4 Cygnus X -l Data: Goodness of Fitness
_________ against Off-axis Response_________
1984
1985
19.875
21.531
Totalx 2
1.325
1.435
X'v
15
15
DOF(v)
0.176
0.120
P (> X »

count rates and the predicted rates. There is good agreement between the predicted rates and
measured ones. The data used to calculate Table 5-4 is shown in Figures 5.10 and 5.11.
Using the same procedure we used for the Crab measurements, we converted our
measured count rates into fluxes for the Cygnus X-l data. Table 5-5 shows the average flux
over the data from the >70% regions. Based on the CGRO spectra we should expect a flux
around 0.0086 y cm'2 s'1MeV'1. Our measurement from 1985-1986 is clearly in excess of that
CGRO flux. The large sample standard deviation, compared to the 1985 Crab measurements,
suggests that we may be seeing a transition in the Cygnus emission. The data used to
calculate Table 5-5 is shown in Figures 5.12 and 5.13. In Figure 5.13 is there is visual
indication of a transition occurring around DOY 420. However we do not have sufficient
statistics to support calculating two separate fluxes.

Table 5-5 M[easured Cygnus X-l Fluxes from 3-Day Sets with >70% Off-axis Response
Weighted Average Flux
Weighted Standard
Sample Standard
(y cm'2 s'1 MeV'1)
Deviation
Deviation
1984
0.014
0.004
0.007
1985
0.012
0.004
0.013

Table 5-6 shows the results from the same goodness-of-fit tests as we used in Table
5-3. For both years, the tests of all the available three-day sets against the constant flux and
the null tests yield the result that the Cygnus X- l observations are not consistent

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

84

50
T3

O

30

1 10
3

---- 1------- i -------*4------------ d -------t l l u - u r L
T
| ty t
T
i
-------- 1-------- 1-------- 1-------- 1--------30 --------- i— -----1
340

360

380

400

420

440

460

480

Day of Y ear (1985)

Figure 5.10 Rate versus Time for Cygnus X-l data from 1984. Data points represent the
value of the Cygnus X -l occultation model parameter. The error bars represent the allowed
range of values for that parameter. The solid curve is the count rate predicted from the OSSE
spectrum from Viewing Period 2.0 in 1992.
50
30
I

e
U

10

-10

-30
300

I1

<,T f

----------- 4[|

_ y

■

1-------- 1—J, 1
H
n
r
t— ----- f---------- i---------420
440
460
480
t

|

:— !---------- !---------H---------- i---------- 1----- —
320
340
360
380
400
Day of Y ear (1985)

Figure 5.11 Rate versus Time for Cygnus X-l data from 1985.

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

85
with either model. However, the tests of the >70% data sets are consistent with a constant
flux.
_________ Table 5-6 Cygnus X -l Data: Statistical Tests

1984

Totalx2
fv
DOF(v)
P(>X\v)
cr
Tests
Totalx5

X:v
DOF(v)
P(>X%v)
a

1985

Tests Against All Available 3-day Sets
Avg. Flux
Null
Avg. Flux
Null
108.734
138.666
88.767
62.925
7.298
5.722
4.227
2.996
19
21
21
19
3.28E-20
1.36E-14
2.63E-10
4.56E-06
>10
>10
>10
>10
Against 3-day Set with >80% Off-axis Response
6.000
25.403
11.000
16.356
1.000
4.233
1.000
1.486
6
11
11
6
0.423
2.78E-4
0.443
0.128
0.193
0.142
1.134
3.443
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

Stability of Crab emissions

As pointed out in the Introduction, the Crab is the standard candle for gamma-ray
astronomy. It’s power law spectrum extends up to photon energies of PeV. Except for an
unconfirmed >1 MeV excess emission (Ling and Dermer,1991), the unpulsed spectrum
of the Crab nebula emission has not been reported to vary.
The assertion that the Crab Nebula emission does not vary is based on dozens of
many measurements from several spacecrafts (Graser and Schonfelder, 1981, Jung,
1989). The GRS record is the first multi-year observation of the Crab Nebula from a
single detector system in this energy range. From our 105 days of data spanning 3 years,
we have shown that the emission is consistent with a constant flux of 0.024±0.0016 y cm'
2 s'1MeV'1. This compares well with the expected flux of 0.026 ycm'2 s'1MeV'1from
integrating the E'23 power law over the 323-474 keV energy band. Figure 6.1 shows the
average flux from the cumulative spectrum (Graser and Schonfelder, 1982) with the
measured GRS flux averaged over the 1984,1985, and 1986 observations. The average
flux from each yearly data set is consistent with the expected flux. They are also
consistent with each other. This demonstrates the stability of the Crab emission in this
region.
Assuming that variability does occur in the Crab emission in this energy band,
over what time scale would it occur? The primary production mechanism for X- and y-

87

R ep ro d u ced with p erm ission o f the copyright ow ner. Further reproduction prohibited w ithout p erm ission.

88

0.030
5 0.025

ExpectedCrabFlux
1

■«5
"= 0.020--

1
I

“■“ GRSMeasurements
---Avg. Flux
Io 0.015
1986
1984
1985
-------!----- 1-------- 1-------- 1-------- 1 ----1-------- 1----0.010
200
300
400
500
600
700
800
900
—

—

1000

Days since Start of 1984

Figure 6.1 GRS Average Crab Fluxes
Our yearly and the multi-year Crab Nebula fluxes are plotted with the expected Crab flux
as a reference.

rays from the nebula is synchrotron radiation from high energy electrons interacting with
the nebula’s weak magnetic field (de Jager and Harding, 1992). The primary site for this
synchrotron radiation is at a shock that lays some 20,000 AU (astronomical units) from
the pulsar (de Jager and Harding, 1992). The magnetic field strength at this location is
8x10‘s gauss.
For a given electron energy, we can calculate both the cutoff and the peak photon
energies of the synchrotron spectrum. We will concern ourselves with the peak energy.
We do this because we are looking in a small energy band, and we are interested in the
component that would contribute the most. The peak energy (Ep) is given by
„
0.217 5e E„ = rY Ex,
p 47tm0c2

( 6. 1)

where e is the electron charge, m0 is the electron mass, c is the speed of light, y is the
electron Lorentz gamma factor, and B is the magnetic field (in gauss) (Felten and
Morrison, 1966 Chupp, 1976). Substituting in values fore, m0, c, and B we get
E =5xlO~15y 2B1.

(6.2)
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Assuming a peak energy of 400 keV (the mid point of our energy band) we find that the
corresponding electron would need an energy of 1 PeV (lx l0 ‘5eV). This is less than the
maximum energy of 101SeV that de Jager and Harding (1992) used to produce a fit to the
> GeV photon spectrum. These electrons are postulated to be accelerated at the shock.
Now that we have the characteristic energy corresponding to our energy range,
we must compute the electron’s radiative lifetime. For synchrotron, the energy loss rate
integrated over all frequencies is given by
Ps = _ d E = 0 .98 x 10-3B 1 - ^ ^ - ( - ^ t )2,
dT
1 M2
Me2

(6.3)

where Z is the atomic charge of the radiating particle, M is it’s mass, and E is the total
particle energy. For electrons, Z=1 and M=m0. Making these substitutions we obtain
Ps =0.98 x 10_37 2B2.

(6.4)

For our ease we get a Ps of 3xl07eV/s or 5xl0'5erg/s. Taking the electron energy and
dividing by the energy loss rate we get 3x10' seconds (about 400 days).
However, the magnetic field in the Nebula has a radial dependence. It peaks at a
value of approximately 3x1 O'1gauss at a distance of 50,000 AU from the pulsar and then
falls off until the edge of the nebula (de Jager and Harding, 1992). This shows that any
variations in the electron production would have to last on the order of a year to see any
variations in the synchrotron component of the Crab spectrum. The uniformity of our
results as well as the agreement with the other results argues against any long term
change in the electron production rate.
At higher photon energies, the source of the unpulsed emission is Inverse
Compton (IC) scattering of optical photons (produced by synchrotron radiation) by the
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high energy electrons (de Jager and Harding, 1992). In inverse Compton scattering, the
high energy electrons lose their energy by scattering off low energy photons. Could IC
scattering also be a source of the 400 keV electrons seen by the instrument?
The scattered photon energy (8,) as seen by the observer is (Felten and Morrison,
1966)

y 2s- o„^(1+pcosa)(1
- rpcosa
.
i()
/ ______

e

= ---------- .

1 l+(ye0/m oc2)(l+ p co sa )(l-co s0 ') ’

(6.5)

where e0is the initial photon energy, (3 is v/c, y is the Lorentz factor, a, a,', and 0' are
shown in Figure 6.2. Taking the case of backscattering since that yields the maximum
energy transfer, we assume a=0°, a ,'=180°, and 0'=18O°. Eqn. 6.6 reduces to
8

or
----------------11------------------ (b)
y 2(H -p)2-2y81(l+ P )/m 0c ,v

(6-6)

or
y 2(l+ P )2e 0 -2 y ( l+ P ) s 081/m 0c2 - 8 j =0.(c)
One source of the ambient photons in the nebula is the thermal radiation from
neutron star. The surface of the neutron star has a temperature on the order of 10s°K. The
peak of the thermal emission is at 230 eV. Using this as an estimate for e0in Eqn 6.6c,
we obtain a y factors approximately 20, which implies that it would take a 10 MeV
electron to scatter the 230 eV photon up to 400 keV. The next question is, what would be
the collision rate? The collision rate is given by the equation cnph(e0)a(E(-,80, Ee), where c
is. the speed of light, nphis the photon density at energy e0, and c(Er,e0, Ee) is the compton
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Figure 6.2 Compton Scattering Schematic
The left pane shows the interaction in the lab frame, the right one shows the scattering in
the electron rest frame.

scatter cross section for producing a photon of energy Ey from a photon with energy e0by
an electron with energy Ee. and is given by
\

/

[cm2] (6.7)

where a Tis the Thompson cross section and is valid for s0 < E7 < 4eoy : .Our test case fall
within this validity range. With our initial and final photon energies and our electron
energy, we get a cross section of 4xlO'30cm2.
The photon density at a distance r from a thermal source or radius r. is given by

where T is the source temperature (°K) and e0is the photon energy (Sobolev, 1963). As
the electron density peaks near the shock (de Jager and Harding, 1992), this is a
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reasonable place to evaluate the collision rate. The shock lies some 20,000 AU (3.0xl017
cm) from the pulsar. Assuming that the pulsar has a radius of 10 km, the density of the
230 eV photons at the shock radius is 7X10-8 photons cm'3. These numbers give us a
collision rate of 8x1 O'27 s'1per electron. This collision rate is too small to account for the
measured flux of 400 keV photons. However, this mechanism is the dominant source of
photons with energy > 1 GeV (de Jager and Harding, 1992).
Cvsnus X -l Emission
Similar to our Crab Nebula observations, our measurements of Cygnus X-l are
consistent with a single flux value. For the two observations from 1984 to 1986, we
obtain a flux of 1.3±0.3xl0': ycm'2 s'1MeV1. This flux is consistent with the flux derived
from the HEAO-3 measurement conducted in 1979 (Ling, Mahoney, 1987). However,
this flux is a factor of 2 below that measured with the balloon instrument UNH/DGT
(McConnell, 1987). It is also a factor of 2 above the flux seen by BATSE in 1991 (ref),
but it almost at the same level as OSSE flux from August 1991 (Grabelsky et al., 1993).
Figure 6.3 shows the yearly and overall average fluxes from Cygnus X-l. For
comparison the flux rates measured by HEAO-3, DGT, and BATSE are also shown.
Looking at these separate observations spanning more than a decade of observations, we
see a factor of 4 variation in the flux in this energy level. The shapes of the HEAO-3,
BATSE, DGT, and OSSE spectra are similar. In all four cases, they are described by the
comptonized spectrum formulated by Sunyaev and Titarchuk (1980). Since we only have
observations in one energy band, we can say nothing about the spectral shape. We will
assume, for self-consistency, that the spectral shape at the time of the GRS observations
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is the same as that during the BATSE observations. We assume this because we
converted from count rates to fluxes using a response based on the BATSE spectrum.
These variations could be caused by either an overall intensity increase or
changes in the spectral parameters (optical depth and temperature of the scattering
electrons). As seen in the <1 MeV spectra from Ling (1987), the changes in spectra pivot
in the region of 400 keV. Thus we are insensitive to these variations. Since we see
variations, we will look at how the intensity can change. The current model
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Figure 6.3 GRS Cygnus X-l Fluxes
The yearly and total average flux values are plotted with flux values from UNH/DGT
(McConnell, 1987), HEAO 3(Ling et al., 1987), and BATSE V.P.2 () for comparison.

for the observed spectrum of accretion disk systems, like Cygnus X -l, is a cold disk,
surrounded by a hot electron corona (Haardt, 1993). The blackbody photons emitted
from the disk cool the corona via Inverse Compton scattering. Some of these scattered
photons are reflected downwards and heat the disk, giving raise to a second source of
thermal photons with a hotter temperature than that of cold disk. In this model, the
opacity of the corona is related to it’s temperature. Since we are not considering changes
in opacity or corona temperature, we will assume these remain constant. To change the
intensity, we are left with changing either the temperature of the disk or the amount of
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material in the disk. The first would send harder photons into the corona, making it easier
to produce 400 keV photons. The second would increase the flux of soft photons
impinging on the corona.
Conclusions
It is possible to produce an accurate model of the terrestrial component gammaray background using neural networks. However, care must be taken in deciding energy
band regions to avoid strong line features. In addition, transient events need to be
removed from the data prior to training the neural network. The neural network allows
you to specify few implicit parameters, thus allowing you to increase the density of data
points in your parameter space. Using this technique, we were to accurately reproduce
the background over a three year period to a level of 60 millicrabs (which is roughly
0.1 %of the background). Within a single year, we were able to reproduce the
background to a level of 100 millicrabs (or 0.25% of the background rate).
We have shown that the Crab emission does indeed remain at a constant flux for
long periods of time. This was suggested by many discrete observations. Ours is the first
observation to be made by a single instrument in this energy range spanning several
years.
Our Cygnus X-l observations also showed a constant flux. However, comparing
them with other observations, we see a factor of 4 change in intensity in this energy
band. If changes in the flux from Cygnus were purely due to spectral shape changes, due
to changes in the optical depth or electron temperature, then no change in this energy
band should have been visible, as the spectrum pivots in this energy band. We attribute
changes in the intensity to global changes in the temperature of the disk.
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